Jamin-Lebedeff (JL) polarization interference microscopy is a classical method for determining the change in the optical path of transparent tissues. Whilst a differential interference contrast (DIC) microscopy interferes an image with itself shifted by half a point spread function, the shear between the object and reference image in a JL-microscope is about half the field of view. The optical path difference (OPD) between the sample and reference region (assumed to be empty) is encoded into a colour by white-light interference. From a colour-table, the Michel-Levy chart, the OPD can be deduced. In cytology JL-imaging can be used as a way to determine the OPD which closely corresponds to the dry mass per area of cells in a single image.
Materials and Methods
The Jamin-Lebedeff Microscope encodes optical path difference into colour [23] . The 64 optical setup including the polarization states for the light in each plane is visualized in 65 Fig. 1 . It works by first polarizing an incoherent light-source (e.g. a halogen lamp or 66 LEDs) using a linear polarizer, before it passes through a specific condenser containing 67 a birefringent beam-splitter. The two mutually coherent orthogonal linear polarization 68 components are split and displaced with respect to each other before illuminating the 69 sample. The light exiting the sample impinges on a carefully matched beam-combiner 70 representing an identical birefringent calcite crystal plate, cut obliquely to its 71 crystallographic axis. The principal directions are perpendicular to each other and form 72 and angle of 45 • with that of the polarizer. For better understanding of the mutual 73 polarization axes, see 1. The beam splitter is mounted directly above the condenser lens 74 and splits the light into two rays vibrating perpendicularly to each other. The ordinary 75 beam forms the laterally (and axially) displaced reference beam, whereas the 76 extraordinary beam is the object beam [24] . The beam-combiner in front of the 77 objective lens generates interference, the previously ordinary beam must now become its 78 extraordinary beam and the extraordinary one must become ordinary. This is achieved 79 by a λ/2 plate which rotates the vibration plane by 90 • right after leaving the beam 80 splitter [25] . 81 To observe interference, the path length of both beams must be close to equal. This 82 is achieved, by fist adjusting the system carefully on an empty sample region. 83 However, very good compensation is achieved only for specified wavelength (e.g. 84 λ = 546 nm). Linearly Polarized light which doesn't meet this condition is converted 85 into elliptically polarized light. The beam combiner is mounted in front of the objective 86 lens. It recombines the measuring and reference beam. It has to be carefully aligned for 87 best contrast. The sample is inserted between the λ/2 plate and the beam combiner. If 88 there is no object in the beam path, both beams are identical and both polarizations 89 vibrate in phase and a uniform dark background is observed. In case the sample beam 90 passes through a medium with spatially varying refractive index whereas the reference 91 (p-polarized) passes through an empty region, the OPD generates a phase difference ∆α 92 given by:
with n R representing the RI of the reference material, n O the RI of the object. λ is 94 given by the centre wavelength of the illumination and d gives the thickness of the 95 sample along the optical axis.
96
When passing through the analyser the field-components of polarized light vibrating 97 in its absorption direction are absorbed, while the components vibrating in its 98 transmission direction are transmitted and form an interference pattern right after the 99 analyser.
100
The above-mentioned components are part of a Carl-Zeiss Jamin-Lebedeff transmitted 101 light interference equipment which was designed to use for the Zeiss STANDART 102 POL-microscope (Zeiss West). We adapted the specialized LJ-optics to a Zeiss West Confocal microscope body (used to be part of a confocal microscope) using customized 104 3D printed components Fig. 2 . A rotatable mechanism for the polarizer and analyser 105 allows for setting the correct mutual position of these filters, which is crucial for the 106 interference contrast. All parts can be downloaded from [26] . Optical Setup Jamin Lebedeff Microscope Optical setup of an Jamin-Lebedef interference microscope which follows Köhler illumination. A collimated white-light source is filtered by a polarizer before a combination of a λ/2 -plate and a beam-splitter splits the ordinary (45 • ) and extraordinary (135 • ) light-path by roughly half the field of view of the illuminated sample region. The transparent object adds a locally varying phase-factor to the sample beam, whereas the reference beam is unaltered. An adjacent beam-combiner joins the two light-paths before the objective lens images the interference onto a sensor. A ghost-image appears only for those wavelength where the λ/2 -plate does not cancel out the constructive/destructive interference entirely (i.e. white-light). The image on the right shows seven nematocysts near the surface of a tentacle of the anemone Stoichactis. Six are empty capsules which have exploded, but one shows the internal thread not yet everted during explosion. The empty capsules show red/orange first order interference colours; the unexploded capsule the white and other high-order colours due to its high dry mass per unit area. (Lubbock & Amos, (1981) Nature 290, 500-501).
Interference: From wavelength to Colour

108
Illuminating with monochromatic light, a pattern of bright and dark fringes is visible 109 corresponding to constructive and destructive interference at a phase object [26] . In 110 case of polychromatic (white) light the entire spectrum contributes to the interference 111 causing a dependence of the observed colour on the OPD (see Fig. 1 right). The 112 resulting interference colours are classified in orders conveniently described by the 113 Michel-Levy chart. Although this chart was originally made for measuring birefringence 114 and determination of birefringent materials, it also conveniently visualizes the colours 115 observed using the Jamin-Lebedeff microscope. When setting up the microscope, it is 116 advisable to set the background to black/dark purple. Each phase variation other than 117 the background-medium starts around the first order of white-light interference and 118 therefore shows highest contrast (i.e. less ambiguous in its colour-response). The 119 observed colour also depends on the spectrum of the light-source and the filter 120 characteristics and potentially the image processing of the imaging device (e.g. the Bayer-pattern of the camera).
122
When a sample is observed, a darker foggy ghost image is seen. This is caused by the 123 aberrated (i.e. astigmatic) part of the reference beam [27] , which also passes through 124 the object, since the beam is largely laterally shifted in the beam combiner. The 125 amount of relative shear between the reference and the object beam (field of view and 126 ghost image shift) depending on the objective used, is listed in table 1. This ghost 3D-printed components to update the Jamin-Lebedeff A set of different 3D printed adapters to get the old microscope to work with the Jamin-Lebedeff components. A customized smartphone mount using a magnetic-fit aligns the cellphone lens to the optical axis of the eye-piece. The analyser is equipped with a rotating mechanism to tune the orientation of the polarization filter. The compensator and polarizer got 3D printed adapters to fit into the confocal microscope.
of the real and the shifted ghost image produce incorrect results. (LG/Google, Japan) and the Huawei P9 pro (China). We connected both of them to a 137 standard binocular-eyepiece (10×, Carl-Zeiss) using a customized 3D-printed Adapter While measuring the chromatic response of the RGB-sensor of the LG Nexus 5 (Sony 142 Exmor IMX179, 8.0 MP, pixel pitch=1.4µm), we recognized, that the signal in the 143 blue-channel is very weak and leads to increased noise in our experiments. This causes a 144 noisy pixel-response with close overlaps in the Look-Up- Table ( LUT) making the phase 145 recovery more difficult as further discussed in the following section. Starting with the RGB colour-coded microscopy images to calculate the gray-valued 168 OPD maps corresponds to an inversion of a colour-map with a many-to-one mapping instead of the common one-to-many mapping. Although there exists an analytical 170 formula which relates RGB values to a given optical phase, this is heavily altered if 171 experimental conditions, such as variations in the light-source spectrum, incorrect 172 microscope settings or tone mappings from the cellphone's camera influence the RGB 173 image. Therefore, we decided to estimate the object's phase by calibrating with a 174 known phase object (e.g.a glass fiber) which is used to generate a LUT for new samples 175 acquired under the same experimental conditions. This requires a-priori knowledge of 176 the reference sample which can be calibrated once using third-party instruments.
177
The basic idea is to find a relationship between a given RGB-value and its 178 corresponding OPD-value. In order to keep the influence of pixel-noise and dust in the 179 microscope's optical path low we chose an optical fiber as a known reference object.
180
This enabled to average over a larger number of RGB pixel or similar OPD-values. In 181 order to build the LUT, the first step is to find the cylindrical shape in the RGB 182 interference image. The LUT is created by averaging the pixel-values of all RGB pixels 183 within a certain OPD-range. To reduce ambiguities, it is helpful to cluster a given XXX 184 (Rainer??) OPD range of, in our case, 3 · λ by dividing this range into e.g. 50 OPD bins. 185 The result of this procedure is a parametric curve in 3D-space (see Figure 4 ) of a 186 relation which is in general not invertible.
187
The general idea of retrieving the OPD is now to find the closest RGB value within 188 the LUT for a given pixel in the experimental dataset. Mathematically this can be 189 expressed by minimizing the L2 distance:
where In order to overcome this noise problem, we optimized the illumination and added a 205 regularization term to the above optimization problem which penalizes jumps in OPD 206 between neighbouring pixels. This is conveniently achieved by taking an isotropic 207 total-variation regularizer [31, 32] .
208
The first step is to make the LUT-based problem differentiable. This is achieved by 209 fitting an n th -order polynomial into each colour-channel as shown in Fig. 4 . We limited 210 the order of the polynomial to 10. The fitting process also smooths the curve and 211 eliminates additional noise as seen in the 3D parametric curve (Fig. 4, orange) . The 
Calibrating the Microscope 220
Setting up the microscope can be done by observing the interference response on the 221 cellphone's LCD screen. In an ideal case, the polarizer and analyser are set the way, so 222 that the background (e.g. area without any object) is close to black. This means that any phase derivation from the background is interfering around the 0-th order.
224
Throughout our experiments we relied on the 40×, NA=0.65 objective lens with the 225 matching condenser (Zeiss West Condenser Pol Int. II) with a variable numerical 226 aperture which was set to realize Köhler illumination.
227
Results
228
Based on the two different proposed image processing algorithms we want to retrieve 229 the phase-information of the colour-coded interference images from a JL microscope.
230
Therefore, we have reanimated this 50-year old microscope by incorporating current 231 date technology such as cellphone cameras and 3D printed adapters.
232 Figure 4 shows an exemplary result of a raw RGB measurement of fixed HeLa cells, 233 where we applied the direct L2 pixelwise and TV-regularized optimization algorithm to 234 compute the quantitative result. Both algorithms need to be provided with a calibration 235 measurement using a reference sample with known Phase-relation. Here we used a 236 telecom glass-fiber (Thorlabs SMF28) with 8.2/125 µm diameter of core and cladding 237 that shrinks accordingly during tapering, (tapered to diameter 38 µm, n = 1,4585).
238
This fiber is embedded in immersion oil (Mixture of glycerol and water, n =1,4140), 239 thus following in a maximum OPD of 3 λ 0 with λ 0 = 546 nm which also limits to the 240 maximum OPD-difference measurable with this configuration. As stated above, the fiber 241 offers an OPD of 3 λ 0 which captures 3 orders of white light interference. The OPD of a 242 biological cell is typically smaller than λ 0 which allows quantitative reconstructions even 243 if the interference-order of the background is shifted by one lambda.
244
The inherent appearance of ghost images (e.g. false-colours visualized in Fig 4 as a 245 red arrow) resulting from the inserted sample at a distance of about half the FOV away, 246 limits the interpretability of the JL-images for users and the algorithms. In general this 247 also limits the technique to sparse phase-samples only. To avoid this effect for the 248 calibration object we choose a reference sample which covered about 1/4 of the field of 249 view (FOV). This is small enough to avoid any superposition of the ghost image with 250 the actual interference of the object and large enough to ensure a high resolution for 251 inverting the LUT. Additionally the glass-fiber was rotated so that the actual image 252 was not overlaying the ghost image. The resulting JL-image as well as the known 253 phase-variation of the fiber as a projection along the optical axis is visualized in 3 a).
254
Here (1) describes the raw JL image, (2) the computed OPD from the fiber and (3) 255 simulates the ideal RGB image using the forward model for the white-light interference. 256 To compare the results from the retrieved quantitative phase, we acquired 257 ground-truth data of the same samples using the coherence-controlled holographic 258 microscope (Tescan, QPhase, Brno, Czech Republic) equipped with an 40×, 259 N A det = 0.95 lens for the detection shown in Fig. 3 . The maximum OPD of the 260 glass-fiber is given in Figure 3 b) which is used to scale the gray-scaled phase-images 261 from the phase-retrieval algorithms. pixels by enforcing a piecewise constancy, it removes these artefacts (e.g. phase
272
ambiguities due to near-by RGB values for different OPDs) visualized in the zoomed in 273 ROI in Figure 4 h). Additionally, due to the finite number of supporting points in the 274 computed LUT mentioned previously, the L2-based algorithm follows in a stair-step-like 275 reconstruction of the OPD which can is reduced by applying the TV-based algorithm. 276 By choosing the parameters λ T V and eps c , we can control the shape of the result in 277 terms of smoothness or piecewise constancy. We chose these parameters to be 278 λ T V = 1.0 and eps c = 0.001 empirically but can be adjusted for different SNRs of the 279 measurement. Nevertheless, the algorithm did not solve the problem in areas, where the 280 ghost-image produced false-colours which are interpreted wrongly (4, red circle).
281
The retrieved phase-values agree with the ground-truth data from the CCHM 282 measurements in Fig. 3 c) . The reduced optical resolution in the JL images (e.g. hardly 283 resolved nucleus) is caused by the reduced numerical aperture of the used lens (30×, 284 N A = 0.65).
286
The open-sourced algorithm [26] was implemented using Tensorflows 287 auto-differentiation mechanism. After initializing the iterative phase-recovery algorithm 288 with the minimal-norm solution Eq. 3 it typically converges within 50-100 iterations 289 using the ADAM [36] update-rule and a learning-rate of lr = 100 thus taking ca. 290 5 − 10 s on an ordinary laptop (CPU Intel i5, 8GB RAM) at 1024 × 1024 FOV. In case 291 of video-data, the routine processes each camera-frame individually. To enable on-device 292 reconstruction we also provide a web-based version of the algorithm 293 (https://github.com/bionanoimaging/UC2-ImJoy-Plugins ) using the cloud-based 294 image processing framework ImJoy [37] . 295 In the supplemental Video ( Suppl. ??) we show reconstruction of a video file from a 296 rotifer freely moving in filtered pont water. Here the reference fiber and sample of 297 interest had to be captured using the same video-settings (e.g. framerate, colormap, 298 bitrate, etc.) and background-colour. The LUT-inversion is separately done for only one 299 frame from the reference video. During our studies we found out, that a matching 300 background colour is one of the most important factors to produce good-quality 301 reconstruction results.
302
Discussion
303
We successfully showed, that by combining methods like the Jamin-Lebedeff 304 interference-based quantitative phase microscope -sometimes considered as useless 305 compared to state of-the-art fluorescent or holographical microscopes -with modern 306 cellphones and 3D printed components, helped the device to a new live. Even more, 307 together with tailored image-processing algorithms, we were able to recover information 308 which was not possible using hitherto existing analogue methods. Jamin-Lebedeff 309 microscopes are not widely spread, which makes accessing our method difficult. Yet, we 310 hope, that our method inspires others to reuse historical lab-equipment carrying huge 311 potential, if combined with modern imaging devices and image-processing algorithms.
312
The color-coded phase-information enabled us to gain quantitative OPD information 313 in a single exposure, making it advantageous over sequential methods like Differential 314 Phase Contrast (DPC) [33] or Fourier Ptychogarphy Microscopy (FPM) [33, 34] e.g.
315
DPC or FPM e.g. for live-cell imaging where dynamic intra-cellular processes are 316 subject of the observation.
317
One main advantage of the proposed method with the generated LUT from a 318 reference sample is, that it does not rely on specific light-source spectrum or a 319 calibrated camera. Once the reference sample is recorded, many other phase-objects can 320 be acquired under the same experimental conditions. During the reconstruction, we noticed that the method is very robust even in cases where the background was not set 322 to black. A next step could be to detect areas where false-colours e.g. produced by dust 323 in the imaging path or superposing ghost-images cause the algorithm to produce false 324 results. This could lead to a probability how likely the reconstructed matches the 325 expected result in a given experiment. Alternatively this could be solved by introducing 326 an additional mask which forces sample-free regions to be the background-phase. 327 In the recorded video, each frame is processed individually which unfortunately does 328 not preserve the intra-frame phase relationship. This could be accounted for by 329 applying a 3D (x, y, t) TV constraing or using machine-learning approaches which is 330 capable of learning sequential-type data like Long-Short-Term-Memory (LSTM) neural 331 networks or an adapted cost-function which accounts for multiple frames.
332
In the future we are planning to replace the iterative gradient-based phase-recovery 333 with a trained neural network to further accelerate the phase-recovery. The crucial part 334 is to create a good training dataset with data pairs corresponding to a real-world 335 experiment. With our algorithm this process can be automated by recording a large set 336 of microscopic phase objects and using this for training e.g. a conditional generative 337 adversarial network (cGAN) [34, 35] and directly deploying it on the cellphone. 338 Another point is that our computational method might be useful not only in 339 biological interference microscopy but also in the polarizing microscopy of minerals. The 340 origin of the phase retardation is different, in that it results from birefringence, but there 341 is a similar problem in that mineral specimens are conventionally cut at 30 micrometers 342 thickness and the birefringence is then be deduced from retardation in length units 343 divided by the known thickness. Mineralogists learn to distinguish the retardation 344 colours of the different orders by eye, but our method might remove ambiguity and the 345 need for skilled observation as well as providing a more accurate and objective estimate. 346 
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